The Kondo lattice model has been analyzed in the presence of a random inter-site interaction among localized spins with non zero mean J0 and standard deviation J. Following the same framework previously introduced by us, the problem is formulated in the path integral formalism where the spin operators are expressed as bilinear combinations of Grassmann fields. The static approximation and the replica symmetry ansatz have allowed us to solve the problem at a mean field level. The resulting phase diagram displays several phase transitions among a ferromagnetically ordered region,a spin glass one, a mixed phase and a Kondo state depending on J0, J and its relation with the Kondo interaction coupling JK . These results could be used to address part of the experimental data for the CeN i1−xCux compound, when x ≤ 0.8. PACS. 64.60.Cn Order-disorder transformations; statistical mechanics of model systems -75.10.Nr Spinglass and other random models -75.30.Mb Valence fluctuation, Kondo lattice, and heavy-fermion phenomena a
Introduction
The magnetism in strongly correlated f-electron systems has become a source of great interest due to the physics involved [1] like, for instance, quantum phase transitions and Non-Fermi liquid behavior [2] . The anti-ferromagnetic s-f exchange coupling of conduction electrons to localized spins can be responsible for the competition between the Kondo effect,that reduces the localized magnetic moments, and the RKKY interaction among magnetic impurities which, in turn, may give rise to magnetic long range order.
Recently, an experimental magnetic phase diagram of the Kondo CeN i 1−x Cu x compound has been proposed [3] showing the existence of a spin glass like state. In the CeCu limit, the negative magnetic interaction is dominant enough to produce an anti-ferromagnetic long range order with no indications of the Kondo effect. When Cu is substituted by N i, there is a phase transition around x = 0.8 from the antiferromagnetic (AF) to a ferromagnetic (FM) ordering, which finally disappears at roughly x = 0.2; the Curie temperature is roughly equal to 1K and is slowly decreasing down to x = 0.4 and then disappears at x = 0.2. Above the ferromagnetic phase, a spin-glass (SG) phase was identified by magnetic susceptibility measurements and the SG transition temperature increases from 2 to 6K for x varying from 0.7 to 0.2. For Quite recently, a model has been introduced [5] to study the interplay between spin glass ordering and a Kondo state. This model is based on the previously introduced Kondo lattice model [6] with an intrasite s-f exchange interaction and an intersite long range random interaction of zero mean that couples the localized spins.
The use of the static approximation and the replica symmetry ansatz has made possible to solve the problem at a mean field level. This fermionic problem is formulated by representing the spin operators as a bilinear combination of Grassmann fields and the partition function is found through the functional integral formalism [7, 8, 9, 10] . The results are shown in a phase diagram of T /J versus J K /J where T is the temperature, J K is the intrasite Kondo exchange interaction and J is the standard deviation of the random inter-site interaction. For high temperatures and small values of J K , a paramagnetic phase is found.
In this situation, if the temperature is decreased a second order phase transition to a spin glass phase appears at T f .
The model shows a transition line J c K (T ) separating the paramagnetic and the spin glass phases from the Kondo phase.
In the present work, the model mentioned in the previous paragraph has been extended in order to include the proper elements that produce also a ferromagnetic ordering by taking the mean random interaction J 0 to be different from zero. Therefore, the magnetization can be introduced in addition to the other order parameters and solved coupled to them.
From this procedure a quite non-trivial phase diagram is obtained which contains ferromagnetism, a mixed phase [12, 13] (ferromagnetism and spin glass), a spin glass phase and a Kondo state. For instance, one of the achievements of the present work is the finding of a mixed phase whose existence should not be discarded in the magnetic measurement of CeN i 1−x Cu x , as mentioned in Ref. [3] This paper is organized as follows. In section II we present the model and its development in order to obtain the free energy and the saddle point coupled equations for the order parameters. The phase diagram of the temperature T /J versus J K /J is shown for several values of J 0 .
The Almeida-Thouless line is also calculated. Discussions and concluding remarks are presented in the last section.
The model and results
The model considered in this work was introduced before in Ref. [5] to study spin glass ordering in a Kondo lattice compound so the Hamiltonian is
where J K > 0 and the sum runs over N lattice sites. In the present case the random intersite interaction J ij in the Hamiltonian is infinite ranged with a Gaussian dis-
This particular scaling compensates the factors 1/2 that originate in the definition of the operators S z in equation (2) and also in changing from sum over sites to sum over bonds.
The spin variables S
), S z f i are bilinear combinations of the creation and destruction operators [5] for
with the spin projection σ =↑ or ↓:
The µ f (µ c ) are the chemical potential for the localized (conduction) band. The energy ǫ 0 is referred to µ f while
The partition function is expressed in terms of functional integrals using anticommuting Grassmann variables ϕ iσ (τ ) and ψ iσ (τ ) associated with the conduction and the localized electrons respectively. Therefore,
where
In the static approximation [7, 8, 9, 10] , it is possible to solve the problem in a mean field theory where the Kondo state is described by the complex order parameters [5, 6] :
Following the treatment for the Kondo part in the partition function as introduced in Ref. [5] , where it was as-
, we show in the Appendix that first the conduction electron degrees of freedom may be integrated out to give
Z 0 d is the partition function of the free conduction electrons,
while γ −1 ij = iωδ ij − βt ij is the inverse d-electron Green's function and β = 1/T is the inverse temperature.
The free energy is given by the replica method
and the averaged replicated partition function can be linearized by means of the usual Hubbard-Stratonovich transformation. Therefore,
with α = 0, 1, ..n being the replica index and
A more detailed derivation of equations (10) and (11) is given in the Appendix.
This problem is analysed within the replica symmetric ansatz where q α =β = q is the spin glass order parameter, m α = m is the magnetization and q αα = q + χ, (χ = χ β )
with χ being the static susceptibilty. The sum over replica indices also gives quadratic terms which can be linearized again by introducing new auxiliary fields in equation (10):
where Dx = 1 √ 2π e −x 2 /2 dx and
The functional integral in equation (12) can be performed and the saddle point solution for the free energy is given by
where in the previous equation we introduced the inverse Green's function
with an effective field
A problem is presented by the calculation of the Green's function G ijσ (ω) in equation (14) where there is a random Gaussian field h(z i , ξ α i ) ≡ h iα applied at every site i of n replicated lattices with N sites. The decoupling used at this point is the same as for Ref. [5] , i.e., the original Green's function G ijσ (ω) is replaced by a Green's function can be performed in equation (13) and the resulting free energy is
The saddle point equations for the order parameters q, m, χ and λ can be found from equation (16).
The limit of stability for the order parameters solutions with replica symmetry is achieved if the Almeida-Thouless eigenvalue becomes negative:
Discussion
We have studied in this work a Kondo lattice model where the localized moments interact through a random intersite interaction which has an average different from zero. As the value of J 0 /J is increased (for small J K /J) (see Figures 2b, 2c and 2d) , the phase diagram starts to
show the presence of a ferromagnetic phase which has a transition temperature T c (J 0 ) increasing with J 0 , the AT line and the calculated replica symmetric line T * (J 0 ) decreasing with J 0 . Nevertheless the AT line is always above T * (J 0 ). In that scenario, for decreasing temperature, first a transition from paramagnetic to a ferromagnetic phase appears followed by a transition from the ferromagnetic to a mixed phase . This behavior is reminiscent of that one described for the cut transversal to J K /J (Figure 1 ). For Such a carefull analysis can be considered an improvement with respect to our previous work [5] where such a discussion had not been done. Nevertheless the previous SG-Kondo state transition line shown there is approximately the same as the one presented here. Thus, the hatched regions corresponding to the one displayed in Figure 2a have not been presented in Figures 2b-d .
Conclusions
In this work it has been studied a Kondo lattice model One can try to address the experimental phase diagram found in Ref. [3] for the alloys CeN i 1−x Cu x , but theoretically if we vary only J K with x, we have found a ferromagnetic phase above the spin glass, in disagreement with the experimental result. However, the equivalence between their experimental phase diagram and ours (see Figures 1 and 2) is not so straightforward since the N i content would have to be associated to both J 0 and J K . This could be an indication that the ergodicity breaking mechanism for the formation of magnetic phases like spin glass and ferromagnetism in CeN i 1−x Cu x is far more complicated than the modelling by a random inter-site interaction can address. Although recent investigations on the ferromagnetic transverse Ising spin glass suggest also the existence of a spin glass transition below the Curie temperature [14] , it is plausible that this be a characteristic of the Sherrington-Kirkpatrick model with a high degree of frustration. Less frustrated spin glass models [15] may sustain spin glass order above the Curie temperature and they can be more indicated for the study of the 
Appendix
We outline here briefly the method used in Ref. [5] . In order to obtain equations (10) and (11) of Section 2 we must first use the static approximation in the Fourier transform of L K in equation (4) and introduce the Kondo order parameter by means of the identity
and using the integral representation for the δ function we obtain, after some algebra, 
Hence, in order to get the configurational average over the random coupling J ij , we use a gaussian distribution with average and variance given in Section 2. So In the previous equation, g −1 ij (ω n ) has been defined in Section 2. The static approximation is also used to write the S α i in terms of Grassmann fields as in equation (22) and the resulting equation can be linearized by standard procedures [10] , introducing the order parameters q αβ and m α which gives equations (10) and (11) .
